Abstract--Dioctahedral tosudite, a regular interstratification of dioctahedral chlorite-dioctahedral smectire, occurs associated with kaolin in the hydrothermal area of Delgado, Neutla, Mexico. Its composition corresponds to the formula: (Si13.77A12.23)AlsO4o(OH)a "Cao.39Nao.oaKLo6" (A13 vgFe+ 3o ogFe + 2o o6Mgo.26)(OH)~2.
INTRODUCTION
Chlorites form mixed-layer minerals with smectites and other phyllosilicates in which the interstratified layers are di-or trioctahedral, in variable proportions (Bailey, 1988; Reynolds, 1988) . Minerals described with trioctahedral or di,trioctahedrat layers include tosudite, a regular interstratification of di,trioctahedral chlorite-montmoriltonite (Sudo and Kodama, 1957; Shimoda, 1975) ; a di,trioctahedral chlorite-montmorillonite associated with iron ores in Michigan (Bailey and Tyler, 1960) ; sudoite from Ottre, Belgium, with a dioctahedral 2:1 layer plus a trioctahedral interlayer (Bailey and Brown, 1962; Eggleton and Bailey, 1967; Fransolet and Bourguignon, 1975; Cheng-Yi and Bailey, 1985) ; sudoite in the Visean K-bentonites from Anh6e, Belgium (Anceau, 1992) ; Li-cookeite (Bailey and Brown, 1962) ; and donbassite (Drits and Lazarenko, 1967) . Less common are those containing only dioctahedral layers, among which the best known mineral is di,dioctahedral tosudite (Sudo et al., 1954; Sudo and Hayashi, 1956; Sudo and Kodama, 1957; FrankKamenetsky et al., 1965; Shimoda, 1969; Imai and Watanabe, 1972; Furbish, 1975) ; and those containing Li in the gibbsitic interlayer (Nishiyama et al., 1975) . Tosudite, or corrensite, as it has been called, has been reported to occur in hydrothermal areas; sedimentary environments in Nigeria (Pacquet, 1968) ; Permian red beds of the Lisbon Valley, Utah (Morrison and Parry, 1986) ; the Wellington Formation of Lyons, Kansas (Kopp and Falls, 1974) ; clastic sediments; and soils (K/ibler, 1973) . It is uncommon, usually found in small through the Middle Pliocene with the deposition of volcanic ash and rhyolite up to 80 m thick. The tuff, containing large fragments of pumice and rhyolite in a matrix of glass with quartz phenocrysts, was transformed to clay. Towards the end of the Pliocene, alluxdal material accumulated and basalt and andesitic tuff were deposited during the Quaternary.
Hydrothermal alteration of the rhyolites through volcanic chimneys resulted in extensive kaolinization (Figure 1 ). The kaolin is white, with well-crystallized kaolinite associated with primary and secondary quartz, opal, chalcedony, alunite, and glass. In some deposits, the upper 3 m just under a thin layer of top soil are reddish brown. The composition of the kaolin is not uniform and can rapidly change from highly pure kaolinite in veins about 3 m wide along the fissures through which the vapors ascended to silicic or alunitic kaolins high in opal, chalcedony, alunite, and glass away from the fissures. Some patches of green chlorite are found in the kaolin. To the east of the field, in the E1 Seis mine (Figure 1 ), this kaolin is underlain by a very pure plastic kaolin of fine particle size which is mined in tunnels about 6 m wide following the alteration. On the west side of the field, at the E1 Cuervo mine, the kaolin is in contact with bentonite. There is a white to light green plastic clay, locally referred to as plastic kaolin, corresponding to the tosudite presently studied that forms nodules or small lenses in the kaolin and in the bentonite. It is locally known as Seis Primera Verde and Seis Plastico. The most notable outcrop is in the E1 Seis mine, extending over an area 500 m in the NW-SE direction by 300 m in the NE-SW direction. On the NE side of the field, it is also found in the E1 Polvorin and El Cuervo mines (Figure 1 ).
METHODS
The samples collected at the E1 Seis and El Cuervo mines ( Figure 1) were essentially monomineralic as seen with the simple binocular microscope or by X-ray diffraction. Sample purification did not require more than light crushing, ultrasonic dispersion in distilled water without using any chemicals, sedimentation of the coarse material from the fine dispersed clay, and drying at 60~ prior to analysis.
Optical microscopy utilizing oil immersion methods was used to identify the non-clay minerals in the bulk material. The authigenic minerals, bulk and purified, were identified by X-ray diffraction (XRD) of randomly oriented and of sedimented air-dry and ethylene glycol solvated samples using a Siemens D5000 diffractometer (filtered CuKa radiation) with digital readout of the 20 angle and the peak intensity. The clays were solvated by adding ethylene glycol directly to an aqueous suspension. The thermal behavior of the clay was characterized by differential thermal analysis (DTA) at a heating rate of 10~ combined with heating experiments at selected temperatures and XRD of the heated materials. Infrared absorption spectrometry (IR) was applied using a Perkin-Elmer 783 double beam spectrometer operated at a scanning speed of 1000 cm-Vmin from 4000 cm -j to 2000 and at 500 cm-V min between 2000 cm ~ and 200 wavenumbers, on the purified mineral dried at 100~ and pressed into KBr discs.
Chemical analyses were performed on the purified clay (dried at 100~ using X-ray fluorescence (XRF) for the major components and wet chemistry for Na, Fe +3, and Fe +2. H20-represents the water removed at 100~ which averaged 5.59%; a minor amount of additional H20, about 1%, was separated by heating to 200~ H20 + was measured as the ignition loss at 800~ on material previously dried at 100~ To calculate the structural formula of the mineral, the mixedlayer chlorite/smectite model was used (Reynolds, 1988) : 1), assuming that both 2:1 layers of chlorite and smectite had the same composition; 2), positive charges were balanced on the basis of 100 negative charges (O4o(OH)s(OH)~2); 3), Si was assigned to tetrahedral positions, adding the A1 required to bring the total cation content to 16; 4), octahedral A1 was assigned to 8, with the site occupancy on the octahedral sheet of the 2:1 layers assumed to be the same; 5), remaining A1 and residual cations were allocated to the chlorite interlayer; and 6), Ca, Na, and K were assumed to be in interlamellar exchangeable positions. Microtextural relations, crystallization, and morphology were interpreted on gold-covered fractured surfaces using a Jeol scanning electron microscope (SEM). Chemical analyses in the SEM were performed by means of a Kevex energy dispersive X-ray spectrometer (EDS) on carbon covered, flat, unpolished, essentially monomineralic specimens. Due to the errors inherent in the technique, these analyses should only be considered as semiquantitative.
Simulated diffraction patterns were computed using the model of MacEwan et al. (1961) and the program of Vila and Ruiz-Amil (1988) and compared with the patterns recorded for the oriented clays. The calculation required the use of the atomic distributions and concentrations calculated in the structural formula and the atomic positions known for the chlorite and smectire layers, considering the chlorite cell as extending from the Al-octahedral plane in one layer to the same plane in the next layer and including the octahedral interlayer; whereas, the smectite layer included the exchangeable cations. The type of interstratification (Eggleton and Bailey, 1967; Reynolds, 1988; Bailey, 1988) was identified from the interplanar spacing of the basal reflections recorded for the sedimented unsolvated and solvated clay. The simulated diffraction patterns were calculated, assuming that the square of the layer structure factor was the sum of the squared factors of the chlorite and the smectite layers times their frequencies for several possible layer associations, mixing functions, and angular factors. A thermal coefficient of zero was applied throughout the calculation.
RESULTS AND DISCUSSION
Tosudite from Delgado, Neutla, is white to light green, conchoidal, plastic, soft, and of fine particle size. Megascopically, it resembles bentonite. It is a very pure and uniform clay with only minor quartz, opal, and glass identified microscopically. By XRD, it is essentially monomineralic with very minor segregated illite and, by SEM, some crystals of kaolinite detected in one specimen. No other authigenic mineral was observed.
Chemical composition
The chemical composition averaged from the purified samples (Table 1) corresponds to the structural formula:
(Si ~ 3.77A12.23)AlsO40(OH)8 9 Cao.39Nao.03 K, .06" (A13.79Fe +3o.09Fe +2oo6Mgo 26)(OH)12
The contents of Fe and Mg are less than Li-tosudite (Nishiyama et al., 1975) and are lower in Si, A1, and Mg and higher in Ca and K than the Li-free tosudite Brigatti and Poppi (1984) .
from Takatama (Shimoda, 1969) and Huy (Brown et al., 1975) . With respect to the corrensite from Lisbon Valley (Morrison and Parry, 1986) , it shows higher contents of Al and lower ofMg. Tetrahedral A1 at 2.23 atoms and the octahedral interlayer cations at 4.20 atoms per formula unit are, respectively, above the ranges of 0.6-1.3 A1 atoms per formula unit and within the limits of 4.2-4.5 atoms reported for dioctahedral donbassite (Bailey and Lister, 1989; Anceau, 1992) . Octahedral Mg is less than the lower limit of 1.2 atoms per formula unit given for di,trioctahedral sudoite (Anceau, 1992) . When plotted in a V~Mg-V]Al-V~Fe diagram, it is located close to the A1 comer, far from other corrensites (Brigatti and Poppi, 1984) , confirming the dioctahedral character of the chlorite interlayer. In the V~(Mg + Fe+2)-V~(Al + Fe § system, the composition falls midway close to the (A1 + Fe+3)-Si axes, with the A1 higher than other interstratified Al-chlorite/ montmorillonites and much higher than trioctahedral mixed-layers, and in the (Na + K)-Ca-Si system falls 
Scanning electron microscopy
Tosudite from Neutla has the morphology of thin irregular flakes (Figure 3) , considered typical of smecrite mixed-layer minerals (Pollastro, 1985) . EDS analyses of selected crystals in flat unpolished specimens revealed 51.02% SiO2, 44.45% A1203, 0.68% Fe:O3, 0.10% MgO, 0.97% CaO, and 1.83% K20 which, when combined with the 13.52% H20 + determined by ignition, corresponds to the formula: This formula is comparable, with only less K, to that determined from the more accurate chemical analyses on the purified sedimented mineral (Table 1 ). It confirms the dioctahedral nature of the mineral and, from the difference between the chemically analyzed K and that recorded by EDS, the association of minor segregated illite.
Differential thermal analysis
Adsorbed water and cation hydration water are lost at 8 I~ and 183~ respectively (Figure 4) , which are lower than the temperatures of 126~ and 207*(? reported for the same reactions for Li-bearing tosudite (Nishiyama et al., 1975) . The weak intensity of these endothermic peaks suggests that only minor quantities of water were retained by the purified clay after drying at 100*(2. The intense dehydroxylation starling at 370~ and reaching a maximum at 496~ is attributed to Analysis by XRF and wet chemistry.
dehydroxylation of the gibbsitic interlayer. This is not far below the 527"C at which the chlorite interlayer collapses in Li-bearing tosudite (Nishiyama et al., 1975) . This temperature of 496~ which is more in the range reported for the dehydroxylation ofpalygorskites (Grim, 1962) , is higher than the temperature normally assigned to the dehydroxylation ofgibbsite (below 300~ and lower than expected for the dehydroxylation of the chlorite and smectite octahedral layers. The large size of the reaction peak plus the weak dehydroxylation recorded at 656~ suggests that the reaction might include hydroxyls from the interlayer and from the silicate octahedral layers. High-temperature phases crystallize at 970~ and 989~ higher than the temperatures of 930 ~ and 955~ typical of Li-tosudite ( al., 1975)--most probably because of the higher content of A1 in the mineral from Neutla.
Infrared absorption spectrometry
Tosudite is characterized by an intense OH-stretching absorption band at 3605 cm -~ (Figure 5 ), which corresponds to the predominant inner octahedral group A1-OH-A1 of the 2:1 layer (Shirozu, 1980) . The shoulder at 3628 cm -~, also attributed to inner OH in chlorites (Shirozu, 1980) , can suggest additional A1-OHMg, Mg-OH-Mg, or A1-OH-Fe octahedral associations. They are displaced with respect to the frequencies of 3685 and 3570 cm-~ reported for trioctahedral mixed-layer chlorite-smectite (Bergaya et al., 1985) . The displacement, particularly between the 3628 and 3685 cm-~ vibrations, may be attributed to the more dioctahedral character of this tosudite or to the effect of higher A1 content on the repulsion between atoms (Povarennykh, 1978) . OH-stretching from the gibbsitic interlayer--where A1 shares positions with Fe +a-and with Fe § Mg, and Mn, which would decrease repulsion and increase the frequency of vibration, could be represented by peaks at 3500 cm -1 and 3365 cm -~, displaced from the 3427 cm-' signal reported for brucitic interlayers (Serratosa and Vifias, 1964; Hayashi and Oinuma, 1967) , or by the 3560 and 3420 cm -1 bands ascribed to interlayer OH or (SiSi)O-OH and (SiAl)O-OH vibrations in chlorites (Shirozu, 1980) . The vibrations at 3628 and 3365 cm -1 confirm the dioctahedral nature of this tosudite compared with those vibrations at 3685 and 3427 cm-~ published for trioctahedral mixed-layer minerals. Vibrations at 822 eraand 755 cm-~ are associated with interlayer OH-bending from A1-OH-A1 bonds; they are not far from the 670-650 cm -~ usually assigned to trioctahedral Mg-OH-Mg groups (Farmer, 1974) or from the bands at 800 and 720 cm-~ assigned to (SiSi)O--OH and (SiAl)O-OH, respectively (Shirozu and Ishida, 1982) . A flat region between 680 and 720 cm -~ could represent a weak signal coincident with the 692 cm-1 band (Hayashi and Oinuma, 1967; Stubican and Roy, 1961) attached to Si-O. The weak band at 1630 cm -~, also reported for Li-tosudite (Nishiyama et aL, 1975) , is assigned to the deformation of the H20 molecules adsorbed in the interlamellar spacing. Other vibrations recorded are Si-O stretching and bending at 1020 cm- dxorder is the product of the spacing times the order of the reflection.
and 482 cm -l shifted from those at 1005 cm -l and 440 cm -l reported for trioctahedral corrensite (Tuddenham and Lyon, 1959) , which indicate higher tetrahedral Si/A1 substitution in dioctahedral tosudite. The higher wavenumbers recorded for this tosudite would suggest that it is less ordered than its trioctahedral counterparts (Fripiat et al., 1965; Bergaya et aL, 1985) .
X-ray diffraction
The XRD data (Table 2) confirm that the mineral is dioctahedral, clo6o = 1.496 ~, without any trioctahedral component as per the criteria accepted to define chlorite interstratificafions (Eggleton and Bailey, 1967; Bailey, 1988; Reynolds, 1988) . Diffractograms of airdried non-oriented, and oriented sedimented aggregates indicated a mean basal spacing of 29.5/~, which corresponds to one chlorite layer (14.2 ~) plus one smectite layer (15.3 ~). Upon solvation, it expanded to a mean total spacing of 31.3 ~ or to 17.1 ,~ of the smectite layer plus 14.2 ~ for the chlorite layer. When heated to 600~ the spacing decreased to 23.2/t, or to 9.23 ~ for the smecfite layer plus 14.0 ik for the chlorite. These spacings do not correspond with those of high-charge corrensite (trioctahedral chlorite/Mg-vermiculite) normally characterized by d(001) = 28.5 ~k or 14.2 ,~ spacing of chlorite plus 14.3 A of the two water Mg-vermiculite layer. The mean d(001) --31.3 tk measured for the solvated material is closer to that of 31.1 ,~ reported for low-charge corrensite (trioctahedral) and tosudite (dioctahedral) (Reynolds, 1988) ; the rationality of the diffraction pattern (Table 2) with loo2 more intense than lool, Ioo9 > Ioo6 > Iool, and reflection 005 absent is more indicative of dioctahedral tosudite (dichlorite/dismectite) than it is of low-charge trioctahedral corrensite typified by Ioo4 > Ioo9. The spacings also correspond with those of 29.4 A and 31.6 reported for unsolvated and solvated Li-bearing tosudite (Nishiyama et al., 1975) , but the ratio of the intensities is different, with the mineral from Neutla having Ioo2 > Iool. Li-tosudite and the tosudite from Neutla have relatively weaker 003 reflections than trioctahedral corrensite and sudoite (Anceau, 1992) .
The rationality of the diffraction pattern was tested by calculating the coefficient of variability (CV), which according to the recommendations of the AIPEA Nomenclature Committee (Bailey, 1982) should be less than 0.75% for regular interstratification. Ten orders 
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of reflections were used in the calculation, with odd and even orders having closely similar diffraction widths and without the reflections being streaked towards lower angles. For the air-dried sedimented samples, the mean doo~ spacing was 29.49 Ik, with a standard deviation of 0.21 ]~ and coefficient of variability equal to 0.73%. For the solvated mineral, the mean basal spacing was 31.32/~, with a standard deviation of 0.23 /k and a coefficient of variability of 0.76%.
The interstratification between the layers was calculated applying the model of MacEwan et al. (1961) and the program of Vila and Ruiz-Amil (1988) , using the structural formula calculated and the atomic positions known for the layers (Figure 6 ). The best fit between the experimental diffraction pattern obtained for the ethylene glycol solvated sedimented clay; and the simulated one (Table 3 , Figures 7c and 7d) corresponded to a 1:1 regular interstratification, where R = 1, pA = 0.5, pAA = 0, dehlorite = 14.2 A, d .... ti~e = 17.2 ~. Comparing the simulated and experimental patterns (Figure 7) , the two reflections d(005) = 6.25 A and d(008) = 3.94 A, which in the simulated pattern are of medium and low intensity, are not detected in the experimental diffractogram, as has been reported for tosudite (Reynolds, 1988) . The reflection recorded at 4.50 A includes tosudite d(007) and some additional contribution from segregated illite, also represented by the signals recorded at 3.39 A and 2.57 A. Otherwise, the simulation fits satisfactorily the experimental pattern ( Figure 7 ) and confirms the classification of the mineral as a regular interstratification of dioctahedral chlorite-dioctahedral smectite, e.g., dioctahedral tosudite.
O R I G I N
The evidence presented allows us only to speculate on the origin of tosudite in Neutla, advancing the hypothesis that it could form from precursor volcanics, Figure 6 . Layer model of tosudite indicating the chlorite and smectite layers used to calculate the diffracted intensities, the simulated diffractogram, and the interstratification, based on structural data from Eggleton and Bailey (1967) . The atomic contents correspond with the structural formula computed from the chemical composition of the tosudite from Neutla. from smectite, by neoformation, or by a combination of them. Pertaining known transformations have been recognized in the reaction of glass to smectite (Eberl, 1978a (Eberl, , 1978b , of high-to low-charge smectite (Proust et al., 1990) , and of low-charge smectite to high-charge smectite+quartz+kaolinite in the formation of illite/ smectite and kaolinite/smectite mixed-layers (Meunier et al., 1992) . The contents of AI and K and the high A1/Si ratio found in this tosudite, its occurrence, and association with illite, quartz, and opal could suggest diagenesis between precursor smectite and A1-and K-rich fluids to illite, releasing Si and making A1 available to form dioctahedral chlorite or to react further with smectite, in a reaction similar to that described for trioctahedral smecfites (Srodofi, 1980; Srodofl et al., 1986; Anceau, 1992) . Its tetrahedral A1 could originate from dioctahedral smectite, such as beidellite, or from precursor trioctahedral smectite transformed to dioctahedral before reaction. Total AI and the A1/Si ratio are above those expected for smectite/illite systems for which the environment to form mixed-layers has been experimentally found to be within narrow pH limits o f 5.5 to 6.5, high pK, and between 100"(2 and /-~\ 1-\
7,
I'~\ / \ ,i \ ,I t j,l \ / \,' . Structural data on the dioctahedral tosudite from Neutla: A), structure factor of the combined chlorite and smectite layers; B), mixing function; C), simulated diffraction pattern; D), experimental diffraction pattern of the ethylene glycol solvated tosudite. Layer frequency is 0.5, probability of one layer following another equal layer is 0, spacing of the chlorite layer is 14.2 /~ and of the ethylene glycol solvated smectite layer is 17.2 A.
150~ that favor tetrahedral coordinated A1 (Inoue, 1983; Howard and Roy, 1985; Merino, 1989) . High K and K/(Ca + Mg) ratio conform with the observations reported from mixed-layers in bentonites, which required K to balance the layer charge (Velde and Brusewitz, 1982; Brusewitz, 1982) . The substantial influx of A1 and K needed to form tosudite could result from leaching the underlying shale, the rhyolite tuff, feldspar, or additionally from kaolin. Why smectite/illite was not formed could only be guessed in terms of the abundant concentrations of A1 and K, the dioctahedral highcharge character of the 2:1 layers balanced by K, or of particular thermodynamic conditions. Proof of the origin of dioctahedral tosudite in Neutla requires further work and remains to be presented.
